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1 Introduction

At first glance thecompetitionbetweeropen-sourcseoftwareproductsandproprietarysoftwareproductsseems
puzzling. Simple analogiesto othersortsof products,suchas consumemoods(e.g. microvave ovens),are
counterintuitive. On onehand,it is unclearhow one cansuccessfullydemanda price for somethingwhich is

beinggivenaway freely. On the otherhand,it doesnot appearto be sustainabléo make open-sourcgroducts
freely available.

The latter point hasbeenpartially addressedy RichardStallmanin the GNU manifesto(1985). Stallman
pointsoutthattheopen-sourceode evenif it is freely distributed,canprovide revenueopportunitiesn comple-
mentaryareassuchassupport(thisis, in fact,the primary revenuemodelfor RedHat,a majordistributor of the
open-sourceperatingsystem Linux). The primary rationalefor open-sourcaccordingto Stallman,however,
is theimpetusto work in harmoly with othercomputemsershy sharingtherightsto software. He suggestshat
public funds(i.e. atax) might be appropriatén offsetingthe expenseof makingsoftwarea public good. Many
of Stallmans agumentsarewritten in the hypothetical sincethey pre-datehe dramaticgrowth of open-source
development]argely associateavith the GNU tools,andtheLinux operatingsystem.Open-sourceevelopment
wasexploredfurther by Eric Raymondin his paper The Cathedrabndthe Bazaan(1997). A case-studys pre-
sentedf anopen-sourceroject,fetchmail,led by Raymond .He dehunked the myth thatopen-sourcsoftware
wasdevelopedselflessiyfor the greatergood. Rather the “bazaar’modelfor softwaredevelopments proposed
in which loosely-connectedevelopers,eachactingin their own bestinterest,can producehigh-quality code
extremelyrapidly. RaymondattributesLinus Torvalds,originatorof Linux, with paving theway for bazaaistyle
developmentwith the Linux kernel. His obsenationshada dramaticimpact, contrikuting to the decisionby
Netscapdo developtheir browsersoftwareopen-source.

For the purpose®f this paper we assumehatopen-sourcgenerates software productof samequality to

that provided by proprietarydevelopment. One of the questiondnitially raisedstill holds,howvever. Namely
whethera software compaly cansurvie in the faceof competititionfrom comparableopen-sourceoftware,
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which literally givesits productaway. Are suchcompaniesloomedfrom the outset? Facinga “new” open-
sourcecompetitoy would acompary beadvisedo exit themarketto avoid losses?

Theeconomicstudyof goodsfor which thereis no chage (i.e. freegoods)hasbeenlong studied.Hardin’s
(1968) describedallocationof resourcesn the context of populationgronth andthe useof naturalresources
(drawving uponstudiesdatingbackto Adam Smith). He describedhe “Tragedyof the Commons”in which an
individual enjoysthefull benefitof afreeresourcebut shareghe costswith therestof society In thiscasethere
is anincentive to overusethatresourcgthe Commonsuntil its ruin. Software markets,however, areuniquein
the sensahatthe maiginal costs(i.e. the costassociatedvith an extra unit) are essentiallyneggligible. Ghosh
(1998)describeghetradeof freegoodson theinternetin termsof a “cooking pot.’ Thatis, contritutorsdonate
their software to a commonpot, the mixture of which may be freely sampledby arnyone. Raymond(1998)
proposeghatthe driving factorencouragingsoftware donationsto the internetpotis “noo,” a combinationof
reputationandego arisingfrom creatinganddistributing a softwaresolutionto a specificneed.

Althoughthis previouswork providessomeargumentsconcerninghe latter questionin thefirst paragraph,
they donotaddresshefirst question.Onegeneratheoryof buying behaior, (HowardandSheth,1969),cateyo-
rizesthe buying decisionprocessnto perceptuabndlearningsubcomponentdn this frameawork, two possible
reasondor choosinga more expensve option of samequality include uncertaintyregardingthe underlying
quality (perceptuatomponent)andunavarenes®f the products existence(learningcomponent).

We addressheeconomidnteractionof commericabndfreeproductsoy constructinga mathematicatodel
for thecommerciakoftwareeconomyandusingit to exploretheeffectof anopen-sourcentrantinto themarket.
To be usefulin the caseof interest,sucha model mustsuccessfullycapturenon-standardeaturessuchasthe
dynamicsof markets away from equilibrium and actionsof partiesbaseduponincompleteinformation. An
agent-based economicmodel(Khalak,1999)wasused,in which modelingoccurson thelevel of theindividual
actionsof theproducerandconsumere theeconomy Sincethemodelingoccursonthelevel of theindividual,
its idealizationsand limitations are more readily apparent.However, thereis no way to analyticallysolve the
modelfor theresults;rather in every situation,they mustbe computedby computationakimulation.

2 Modd

The economicmodelin this caseis framedin termsof autonomousgents.Thatis, individual modelsfor the
actionsof “buyers” and“sellers” in the economyare usedto populatea computersimulation. Sucha model
specifieghe agentinputs,outputsandthe relationshipof thesewith its internalstate. The simulationruns,and
statisticsof the agentsin the model are tracked to formulate a time-history of the simulatedeconomy The
effectsof changingvariousmodel parameterganbe assesselly comparingsimulationruns. The goal of this
simulationis notto producenumericallyaccurataesultsfor usein economidorecastingput ratherasatool to
explorethe parametespaceof awell-specifiednodelfor open-sourceconomics.

The framavork of agentshassereral relevant benefitsto the currentgoals. By using agents,the most
importanteconomicassumptionsf themodelconcermntheactionsof buyersandsellers ratherthanassumptions
on thelevel of the entiremarket. In particular it is straightforvard to specifythe information availableto the
variousagentdor decision-making.

Somegeneralpropertiesof agent-basedystemshowever, arestill unresoled. For example,generalcon-
ditions for corvergence/scalaldty andstability of solutionsare not available for agent-basedystemsgxcept
in specialcases Eventhe simplestsuchsystemgq1-D cellularautomataxanexhibit complex behaiors which









bprefs bran codebankparameters
Q; risk factorfor compary ¢
¢ fixedcostsfor compary i
pj | maximumpricethatuserj will pay
P, | pricecompany i chagesattimen
Qi | quantitysoldby compaly ¢ attimen
AD;,, | profits/adertisingbudgetof i atn

Tablel: List of parametergtop) andstatevariables(bottom)in softwareeconomicmodel

2.3 CodeBank

Thecodebankactsasa proxy for userbuying decisiongo separateéhe effectsof pricefrom the effectsof brand
name. It generates list of codeswhoseorderdependsiponthe brandnameanduponrandomeffectswhich
aredifferentfor eachuser The brandnameprovidesthe market shareand adwertising of the code. The list
orderis in decreasingvisibility’ of thecodesan termsof market share adwertising,andtherandomeffects. This
visibility list representshe orderin which usersencounter/prefecodes.

For eachuser j, thecodebankcomputeshevisibility index, V1, for the codeofferedby compary 7 attime
stepn, in thefollowing manner:

V[j = (1 - bran) [(1 - bpref)MSi + bprefADi] + bl‘aan (1)

whereb,,.s setstherelative weightof adwertisingto marketsharep,.,, setstherelatve weightof randomeffects
to deterministiceffects, M S; is fractionof marketshare A D; is fractionof totaladwertising,and X ; isarandom
numberbetweerD andl (uncorrelatedetweeruserswith a uniform distribution).

24 Users

Eachuser j, hasa uniqueprice ceiling, p;, which remainsunchangedhroughoutthe simulation. The user
queriesthe codebankandis offereda code(in orderof their visibility index, V' I;). If the codeofferedis belov
the price ceiling, thenthe userbuys a singlecopy of thatcode. If not, theuserwill continueto querythe code
bankuntil a codeis found which is offeredbelov p;. If no suchcodeis found, thenthe userdoesnot buy
ary code(presumablythe money is spenton otherthings.) As such,this modeladdressesnarketsin which
consumersnalke their own purchasingdecisions.For institutionalpurchasinga morecomplicatednodelmay
beappropriate.

Thedistribution of p;, which is keptfixed over the courseof a simulationrun specifieshe demandcune.
We considera piecavise-linearp; distribution asdepictedin Figure2, in termsof a minimum and maximum
priceceiling, pmin @aNdpmax. In the currentstudy puax is normalizedio 3.

25 OSSDevelopers

Thebehaior of the OSSdevelopersis very simple. Eitherthey offer their codefor free,or they do notto offer
it atall. Thus,therearetwo cases.The modelexploresthetransienteffect of the OSSdevelopersplacingtheir
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Figure2: Schematiof demandlistribution. Here, NV is the numberof usersin the model,pyi, is theminimum
price ceiling for everyone,andp., is the maximumprice ceiling. In the currentcase the curne is normalized

suchthatp,,.. = 3.

producton the market (or remaoving it) afteraspecifiedime.

2.6 Companies

At eachstep,eachcompary hasto sendadwertisingmoney to the codebank,anddecideupona priceto chage
for their code.Althoughthey would like to actin amannerto maximizetheir profits, they aregivenincomplete
informationwith which to do this. In particular they do not know a priori whatthe demandor their products
will be. After the secondtime step,they usethe lasttwo stepsto decidetheir courseof action. Labelingthe
currenttime stepn, eachcompary hasthefollowing information:

Qn72a Pn727 anlv Pnfl

where( is thequantitysoldand P is the price chaged.

The profits from the previous time step are simply the revenueminus the costs.All of theseprofits are
assumedo go to the codebankfor adwertising. However, if profitswerenegative in the previoustime step,the
adwertisingis zero(notnegative). Theadwertisingbudget,AD,, ; canbe expresseds

AD,, ; = max(0, Qp_1P—1 — ¢;) (2)

whereg; is thefixedcostof operation.

Thepricefor thecodemustalsobedetermined Fromthedatafrom theprevioustwo time stepsthecomparny
could estimatetheir revenueat time n, dependingiponthe price they chage, assuminga linear demandcurve
andfitting it to the previous two points. An optimal price could thenbe computed.However, this assumption
of linearity involvesasignificantrisk. It is ajustifiableguessor smallchangesn price,usingsmoothnessyut
becomesiskier asthe proposedrice changdncreases.
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Oneway to make a statisticallyrobustdecisionis to usethe previousinformationto determinehedirection
of optimalpricemovement but actuallychangdhepriceby asmall,fixedincrement.Thisrule canbe expressed
asfollows. For agivencompaln attime k, thenew price, Py, is setby

{ Poa(l+a), $E| >0
P, =

est
Pk_l(l — Ozi), g—g <0

est

where R is the revenue,and «; setsthe incrementalincrease/decreas# the price for compary i. We term
this the ‘risk factor’ for compay i. The estimatedsensitvity of revenueto price,0R /0P, canbe expresseds
follows:

oR
oP

_ Qr1 Py — Qp2Pk2
est.k Po_1— Py

3 Scope of Study

For the resultsof simultationsof the abose modelto be useful, one mustfirst establishthat theseresultsare
repeatableandthatwe explorethemostrelevantpartof theparametespaceln thecurrentstudy theparameters,
¢; anda; werekeptfixed, while the otherparametersvereexplored. The focusis uponthe effectsof the code
bankparametergb,,..; andb,,,,), andthemarket demandstructure(i.e. priceceiling distribution, p;).

Thefixed costs,c;, werekeptthe samefor all the companiesaswell astherisk factor «;. Therisk factor
wassetat 1%, which is small enoughso small changesn risk factordid not significantlyaffect results. Fixed
costsweresetat 1/4 of onecompan’s shareof the total possiblerevenuein the marlet. Althoughthis value
is somevhat arbitrary changesn the level fixed costsdid not drastically changethe results. Typically, the
simulationswereperformedwith 2500usersand10 companies.

Theinitial conditionsweresetsuchthatall companiedpeganat the samepointandrandomlymoved prices
in the first round (sincethey did not have enoughinformationto estimatethe sensitvity of revenueto price
changes).

3.1 Repeatability

Sincethe modelhasa stochasticcomponent,X; in equation(1), the outcomeof eachsimulationdiffers from
runto run. However, we wish to characterizeéhe simulationsin termsof statisticswhich aredependentipon
the systemparametersbut have a small variancefrom run to run. Whenthe varianceis small enough,it is
appropriatdo usethe ensemble average of the datato characterizét, andneglecttherunto runvariations.

Totestthis,we ranthesimulationseveraltimes,trackingthemarket shareof thetop two companiesFigure3
shaws the market shareof the dominant,, and secondmostdominant, x, companies200 time stepsafter
the start of the model (beforethe introductionof open-sourcesoftware). The level of randomnessb,,,, is
kept constantat 0.25, but several valuesof b,..s weretested. The distribution of p; wasasin Figure 2 with
Pmin = 0.8 andpnax = 3.0. The spreadof dataat a particularb,..s shavs the variationfrom run to run.
This statisticappeardo be suitablyrepeatable Notice thatthe choiceof statisticis important,too. Sincethe
companiesreall identicalattheoutsetthe particularcompany whichwindsup beingthedominantcompaymy is
not predictable Thus,the market shareof a specificcompalry in this modelmight not producea usefulstatistic.
Althoughthe market structure is dependentiponparameterghe exactsystemevolutionis stochastic.
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Figure3: Marketshareof dominant() andsecond x) compary withoutopen-sourcsoftwarefor b,,, = 0.25,
andvariousby,.s. The spreadof valuesfrom differentrunsis small, which indicatesthe simulationproduces
repeatableesults(despitethe stochastielement).Suchrepeatabilitysuggestshattherelatve market shareis a
usefulstatistic.
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Figure4: Market shareof dominant(Q) andsecond(x) compaly without free software, after 200 time steps,
for bpres = 0.2, andvariousb,,,. A shift occursbetween0.5and0.75, wheremonopoliesbecomeuntenable
becauseandomaffectsaretoo great.

4 Properties of Basdine Market

Althoughour primaryfocusis upontheeffectsof open-sourcethe equilibrationof the baselinemarket (without
open-sourcejs of interestaswell. Someusefulinformationcomesfrom the market sharebehaior presented
in Figure 3. It appearghatin mary casesa dominantcompan hasan effective monopoly with over 70% of
the market. Sincethe modelis initiated with equalproperties(andthe samebehaior) for all companiesthe
particularcompany which achie&zesa monopolypositionis essentiallyrandom.

From the scoringof the visibility index, VI, it is clearthattherearegainsto “bigness”in this modelfor
software markets. A monopolyhas,by definition, a large proportionof the market sharewhich increasests
visibility. Further oneexpectsthe monopolyto have alarge profit, which goestowardsincreasingadwertising,
and further enhancingthe visibility index. In termsof the currentmodel, the market leaderis established
relatively quickly after the startof the simulation(approximatelyl0-20timesteps).In real software markets,
the benefitof being“first to market” is well appreciated.

While the market shareof the secondcompayy in Figure 3 appeardo have a slight trend with b,.¢, the
market shareof thefirst compary seemdlat. Varyingb.., while keepingb,..r constantasin Figure4, shavs
thatthereis alevel of b,.,,,, above which a monopolycannotbe sustained Roughlyspeaking asbuying habits
becomdessandlesspredictablejt becomesmpossibleto capturea dominantpartof the market.

Interestingly in somecasesthe marlket leaderdoesnot appearto be invincible. Rather it is possibleto
overtale the market leaderby undercuttingin price, therebyconsolidatinga significantmarket shareto gain
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Figure5: Secondargompary overtalesthedominanttomparny by undercuttingn price. Timeseriesof software
economybeforeopen-sourcéntroduction.Onecompay is initially dominantdominant(solid line), andis able
to demanda high price. The secondarcompaly (dashedine) is ableto gainmarket shareby undercuttingn
price,eventuallydisplacingthe market leader In this case pyref = 0.4 andbr,, = 0.5.

visibility, andthensubsequentlyncreasingrevenues. Although, this strateyy is not explicitly codedinto the
actionsof the compary agentsmodels(they simply follow the algorithm specifiedpreviously), their behaior

elicits this mechanisnmonetheless.ln agent-basedystems this is sometimegermed“emeigent” behaior.

Figure5 shavs atime-serieof onecompary overtakinganothercompary by thismechanismHerewe consider
codebankparametersf b,..r = 0.4 andb,,, = 0.5, anda demandcurve specifiedoy pmin = 0.2 andpyax =

3.0.

A mapsof (bpret, bran) areshavn in Figure6 for the caseof b,,;, = 0.2 andb,,.x = 3. Thesecorroborate
thetrendssuggestedh Figures4 and3. Theplot is identicalfor b,,;, = 0.8. Thatis, above a certainthreshold
value,b.., =~ 0.6 abore which monopoliesare not tenable. Below this, however, thereis a dominantmarket
leader(atary giventime).

5 Impact of Open-Source

The open-sourceommunitywasintroducedasfollows: afterthe companiesanduserswererun without open-
sourcesoftwarefor 200time stepgto equilibratethe system) open-sourcsoftwarewassuddenlyintroducedat
time 200. The subsequerttehaior wascomputedor another200time steps.
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Figure7: Marketshareof freeproductsintroducecdattime=0. Threecase®f differentdemanccurnesareshavn,
eachwith athumbnailplots of its demandcune to theright.

5.1 Effect of Demand Structure

The distribution of p;, determineghe demandstructurefor the market. Figure 7 shavs the market shareof
open-sourcsoftwareintroducedfor a changingminimumprice, pin, asdepictedn Figure2. In eacecasethe
consumepreferenceareconstanti.e. by = 0.75 andb,, = 0.4). Thethreecasesonsidere@rep,y;, = 0.2,
Pmin = 0.8, andpni, = 1.2, respectiely. As the minimum price is increasedthe impactof introducingthe
open-sourcsoftwareis reducedln theplot, time is measuredrom the point of theintroductionof open-source.

In thefirst caseof pmin = 0.2, the open-sourcentrantrapidly risesin market share thenslows in growth
for about30 time steps,andfinally dominateshe market, rapidly gaining 100% of the market share. In the
secondcase pin = 0.8, the open-sourcentrantalsoinitially risesrapidly, but plateausat about40% of the
market. In thethird casetheopen-sourceroductdoesnotgainalargefractionof themarket, but ratherremains
atlessthan10%of themarket share.

Anotherviewpoint, thatof corporataevenuesis shavn for thesethreecasesn Figure8. While the previous
view displayedthe effect of open-sourcen the users.this shawvs the effect of open-sourcen the companies.
In this case beforetheintroductionof open-sourcethe first two companiesontrolthe entire market, with the
othercompanieshaving essentiallya neglible impact. Whenopen-sourceoftware is introducedat time t=0,
the impacton the corporaterevenuesdependsuponthe minimum price, just asin Figure 7. For the caseof
pmin = 0.2, the open-sourcentry drivesall corporaterevenuesto zero. However, in the caseof pyi, = 1.2,
thereis relatively lesseffect uponcorporateevenues.

5.2 Effect of Purchasing Preferences

In this section,we explore the effects of varying the parametersvhich representhe purchasingpreference,
bpret @andb,,y, uponthe resultsof introducingan open-sourc@roduct. Thatis, varying the relatve weightsof
influencesupon users’purchasingdecisions. The parametem,,.; indicatesthe relatve preferenceof marlet
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Figure8: Revenuesof commercialproductswhenanopensourceproductis introducedat time=0. Threecases
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13



shareover advertisingin rating productvisibility. Further the parameteb,,, indicatesthe influenceof random
effectsuponproductvisibility.

Figure9 shaws the effects of b,,.f andb,,, uponthe open-sourcémpact. Two casesof demandstructure
aredepicted:pyi, = 0.2 andpi, = 0.8, respectiely. Circlesareplottedfor casesn which open-sourcgains
amonopolyposition,anddotsareplottedotherwise.Contourlines areplottedfor constanbpen-sourcenarket
share Clearly, adwertisingcancountertheeffect of open-sourcevhenit is highly valued(i.e. low b,,.¢). In such
casesthe opensourcesoftwaretypically doesnot appeahigh enoughuponthevisibility lists to be purchased.
Sincethe free software mustrely uponmarket shareto gain visibility, it never getsit sufiiciently to dominate
the marlet. In both casesthereis a region for high b, andintermediateb.,, in which conditionsfor mass
adoptionof open-sourc@roductsarefavorable.

6 Conclusions

Marketsexist todayin which open-sourceoftwarecompetesvith proprietarysoftwarefor theattensiorof users.
This studyanalyzegheeffect of introducingaopen-sourcéi.e. free)softwareproductontoa proprietarymarket
in anidealizedsetting.

The primaryvariablescharacterizinghe systemwerethosespecifyingthe market demandandthe relatve
weightsin the users decision-makindetweemmarket share adwertising,andrandominfluences An economic
simulationwasconstructedo studythe effectsof changingthesevariables.The simulationwasrun throughout
the parametespacebothwithout open-sourceandfollowing the sudderintroductionof open-source.

In the baselinecase(with only proprietarycodes) therewasa tendeng for monopoliesto emege. Since
thereareno variablecosts thisis not surprising.For casesn which b,.,,, largerthan0.6, however, therewasnot
amonopoly The stability of the monopolypositionwasnot guaranteedsinceit was possibleto displacethe
market leaderby offering a codeatalow priceandgainingenoughmarket shareto displacethe monopolist.

The impact of open-sourceodeswas highly dependentipon the value of parameters.For b, nearl
(weightedtowardsmarket share),andb,,, nearl/2, open-sourcavasableto completelydominatethe market
(i.e. gain100%market share). The worstcasefor opensourceproductswasthe market in which bp,.¢ andbr,,
werebothnearzero,whichis intutitve sinceit correspondso the casein which adwertisingis the solecriterion
for purchasing.

Further the demandstructurestronglyinfluenceshe effect of open-sourceln the casethata smallerpro-
portiondemandedery low prices,open-sourcavasvery successfusinceit hadareadybaseof support.Onthe
otherhand,asall the userswerewilling to payrelatively more,open-sourcéadlessimpact.

The softwareeconomywith commercialandfree productshassereral uniqueandinterestingfeatures.The
currentmodel shavs that even when ngglecting the quality and performanceof the code,aswell asnetwork
effects,oneobtainsan understandablpicture of how free and proprietaryproductscancompetewith onean-
other Evenif open-sourcés of equvalentquality andis free of chage, it muststill gaina“critical mass”of the
market sharefrom thosedissatisfiedvith the productof the market leader(dueto high pricesin this model)to
gainenoughinertiato capturethe entiremarket.
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